By using N-body hydrodynamical cosmological simulations in which the chemistry of major metals and molecules is consistently solved for, we study the interaction of metallic fine-structure lines with the cosmic microwave background radiation (CMB). Our analysis shows that the collisional induced emissions in the OI 145 µm and CII 158 µm lines during the epoch of reionization (z > 5) introduce a distortion of the CMB black-body spectrum at low frequencies (ν < 300 GHz) with amplitudes up to ∆I ν /B ν (T CMB ) ∼ 10 −8 -10 −7 , i.e., at the ∼ 0.1 percent level of FIRAS upper limits. Shorter wavelength fine-structure transitions (like OI 63 µm, FeII 26 µm, SiII 35 µm, FeII 35 µm, and FeII 51 µm) typically sample the reionization epoch at higher observing frequencies (ν ∈ [400, 1000] GHz). This corresponds to the Wien tail of the CMB black-body spectrum and thus the distortion level induced by those lines may be as high as ∆I ν /B ν (T CMB ) ∼ 10 −4 . Consequently, the brightness temperature anisotropy produced by these lines should be more relevant at higher frequencies: while practically negligible at ν = 145 GHz, signatures from CII 158 µm and OI 145 µm should amount to 1 %-5 % of the anisotropy power measured at l ∼ 5000 and ν = 220 GHz by the ACT and SPT collaborations (after taking ∆ν obs /ν obs 0.005 for the line observations). More importantly, our simulations indicate that anisotropy maps from different lines (e.g., OI 145 µm and CII 158 µm) at the same redshift show a very high degree (> 0.8) of spatial correlation, allowing for the use of observations at different frequencies (under different systematic and noise contributions) to unveil the same snapshot of the reionization epoch. Finally, our simulations also demonstrate that line-emission anisotropies extracted in narrow frequency/redshift shells are practically uncorrelated in frequency space, thus enabling standard methods for removal of foregrounds that vary smoothly in frequency, just as in HI 21 cm studies.
Introduction
Exploring the epoch of cosmological reionization constitutes one of the standing challenges in observational cosmology. Indeed, there is a number of questions motivating nowadays tremendous efforts to access those early stages in the history of the universe: when did the first stars and proto-galaxies appear in the universe? Which sources were actually responsible for reionizing the intergalactic medium (IGM)? How was the assembly of the large scale structure modified by feedback effects associated to radiation? How was the IGM polluted with heavy elements? In order to address these and other questions there exist currently a few observational windows attempting to access the epoch of cosmological reionization. Probably the most promising of them is the 21 cm detection of the hyperfine transition of neutral hydrogen. Those 21 cm photons, when emitted at the epoch of reionization, get redshifted deep into the radio domain, and provide information on the different mechanisms causing the spin temperature to depart from the temperature of the ambient radiation field, namely the cosmic microwave background radiation (CMB), (see, e.g., Pritchard & Loeb 2012 , for a detailed review on the subject). Different physical phenomena, such as the adiabatic cooling of baryons, the collisions between hydrogen atoms with electrons and other atoms, or the coupling of hydrogen with Lyman-α photons (Wouthuysen 1952; Field 1958 ) make the spin temperature of the 21 cm transition detach from the CMB one, causing such transition to be seen either in emission or in absorption with respect to the CMB background. Experiments like LO-FAR 1 (van Haarlem et al. 2013) , MWA 2 (Bowman et al. 2013 ) and SKA 3 (Koopmans et al. 2015) are attempting to map the onset of reionization through this hyperfine transition. While their sensitivity is sufficient for the expected signal amplitude, these experiments still need to keep radio foregrounds, of larger amplitude by several orders of magnitude, under control.
Another window to the epoch of reionization is provided by the rest-frame UV and optical radiation from the reionization sources, which becomes redshifted in the near-mid infrared range for local observers. Medium and narrow band surveys of the type of MUSE 4 , the SUBARU Deep Field (Shimasaku et al. 2006 ) and SHARDS 5 have already detected a significant amount of high-redshift (z ∈ [5, 7] ) Lyman-α blobs, and currently further studies are conducted in order to estimate luminosity functions and total ionizing flux from those sources. The imminent launch of the James Webb Space Telescope 6 will open a new era in this type of observations.
In this work we focus on a different approach to access the epoch of reionization. The CMB photons cross the entire observable universe before reaching us and, in particular, they witness the birth of the first stars and galaxies and all the subsequent structure formation and evolution. The CMB should hence carry some signatures from the epoch of reionization. As reviewed in e.g. Chluba (2016a) , the leading signature on the CMB spectrum from the epoch of reionization should correspond to the inverse Compton scattering (via the thermal Sunyaev-Zeldovich effect, Sunyaev & Zeldovich 1972 , hereafter tSZ) off hot electrons. This tSZ should leave a y-type distortion in the CMB black-body spectrum with an amplitude of y 2 × 10 −6 (see, for more details Hill et al. 2015) . Other processes potentially distorting the CMB black-body spectrum during the epoch of reionization are the collisional emission on fine-structure lines of high-z metals (Suginohara et al. 1999) or the admixture of heavy elements with the primeval gas (Varshalovich et al. 1981) .
However, not all physical processes during reionization introduce a distortion on the CMB black-body. As first noted by Basu et al. (2004) , resonant scattering should be the main interaction channel between CMB photons and metals and molecules produced by stars, and/or in the surroundings thereof, since collisions should only be efficient in very large overdense regions (δ 10 5 ). Provided that resonant scattering does not change the number of CMB photons (thus preserving the CMB spectrum), Basu et al. (2004) computed the impact of heavyelement fine-structure resonant scattering on the CMB intensity anisotropies, after assuming a uniform distribution for cosmic metals. They found that the leading effect was a blurring of the intrinsic CMB anisotropies. The resulting small-scale variations in the CMB angular power spectrum could be approximated by ∆C l −2τC
CMB, intr l , with C CMB, intr l intrinsic CMB angular power spectrum and τ optical depth associated to the given transition 7 . This idea was further explored by Hernández-Monteagudo et al. (2006 , 2007b and then extended to study both spectral distortion and angular anisotropies associated to the Field-Wouthuysen effect arising in OI atoms during the epoch of reionization (Hernández-Monteagudo et al. 2007a . Although this effect does not exclusively apply to OI atoms in extremely overdense regions, the amplitude of the distortions foreseen for this mechanism was relatively modest (∼ 10 −9 -10 −8 ).
In the present work we explore distortions and angular anisotropies induced by several fine-structure lines associated to metal spreading during the early stellar evolutionary stages in the epoch of reionization. This constitutes the numerical implementation of the early estimates of Suginohara et al. (1999) . We also improve the work of Basu et al. (2004) in the sense that, instead of assuming a uniform distribution of metals in the Universe, we model their clustering by looking at the outputs of state-of-the-art N-body hydrodynamical chemistry simulations, consistently including metal spreading and corresponding radiative losses from resonant and fine-structure transitions of individual heavy elements. This allows us to track precisely the impact of collisionally-induced emission on a set of fine-structure 6 http://www.jwst.nasa.gov/ 7 We remind that the optical depth scales linearly with the number density of the resonant species.
transitions (which do distort the CMB black-body spectrum) on top of the resonant scattering addressed in Basu et al. (2004) .
We find that the distortion and angular anisotropies are essentially induced by the resonant scattering and collisional emission on fine-structure transitions. The former blurs the intrinsic CMB anisotropies from large to intermediate angular scales (the CMB angular power spectrum changes as ∆C
, with τ i j X, ν optical depth associated to a given transition i j of the X species, see Basu et al. 2004) . The impact of the peculiar velocity of the scatterers (the so-called Doppler term) adds practically negligible power on all angular scales. On the other hand, the collisional emission dominates on small angular scales. The relative amplitude of the collisional emission with respect to the CMB increases with the spectral resolution of the observations (in agreement with Righi et al. 2008) , and it also increases with higher frequencies sampling the later stages of the epoch of reionization. At and above ν obs = 220 GHz we find that, for a spectral resolution of ∆ν obs /ν obs = 5 × 10 −3 , the collisional emission term surpasses the impact of blurring (due to resonant scattering) on practically all angular scales, contributing to 10 % of the anisotropy power at l > 2000.
This paper is structured as follows: in Sect. 2 we describe the hydrodynamical numerical simulations under use; in Sect. 3 we outline the different terms of the radiative transfer equation for CMB photons and its integration. In Sect. 4 we describe the results in terms of predictions for the distortion of the CMB spectrum and the angular clustering of the line-induced anisotropies. Finally, in Sect. 5 we discuss our results and their implications in the context of upcoming CMB-distortion and HI 21 cm experiments and conclude.
The simulations
Our work is based on the output of hydrodynamical cosmological numerical simulations. From the initial stages laid down by seminal works (Holmberg 1941; von Hoerner 1960 von Hoerner , 1963 Barnes & Hut 1986; Hockney & Eastwood 1988; Cen et al. 1990; Cen & Ostriker 1993; Gnedin 1996a,b; Gnedin & Bertschinger 1996) , numerical techniques have evolved and been refined over the years until becoming a standard tool in cosmology (Springel 2005) . The numerical calculations performed in this work extend our previous studies of the intergalactic medium during the epoch of reionization. We employ the outputs of the hydrodynamical simulations presented in Maio et al. (2010) and Maio et al. (2011a) . Besides gravity and hydrodynamics calculations, the implementation contains a self-consistent treatment of molecules and metals, too, as discussed in Maio et al. (2007) . We include detailed non-equilibrium atomic and molecular chemistry evolution for electrons, H, H + , H − , He, He
+ . The variations of the number density of individual species are computed according to a backward differential scheme. The adopted timestep for the solution of the differential equations is 1/10th the hydrodynamic timestep. This choice assures a robust convergence of our calculations, as previously checked in the literature by, e.g., Anninos et al. (1997); Yoshida et al. (2003) ; Maio et al. (2013 Maio et al. ( , 2016 .
Star formation and stellar evolution is followed to track stellar lifetimes and metal-dependent yields from different types of stars, including C, N, O, Ne, Mg, Si, S, Ca, Fe . The corresponding resonant cooling and fine-structure transition cooling below 10 4 K (relevant for this work) is also monitored (see Maio et al. 2007, for details) . In this way, cooling from sub-mm fine-structure transitions is treated fully selfArticle number, page 2 of 13 consistently with the thermal gas evolution. To estimate the finestructure emissions consistently with the simulation hydrodynamics, we compute at runtime the atomic level populations by relying on particle conservation and the detailed balance principle in the low-density limit (level populations treated in this way naturally converge also at high densities). Cooling rate emissions are then derived through the level populations, the radiative transition probabilities and the corresponding energy separations.
As sources of metal pollution we consider both population III (popIII) and population II-I (popII-I) stellar generations with corresponding stellar yields for massive SNe (Woosley & Weaver 1995; Woosley et al. 2002) , AGB stars (van den Hoek & Groenewegen 1997) and SNIa events (Thielemann et al. 2003) . The assumed stellar initial mass function covers the range [0.1, 100] M for popII-I stars and [100, 500] M for popIII stars. The energy of massive popII-I SNe is assumed to be ∼ 10 51 erg, while the energy of massive popIII pair-instability SNe is massdependent and reaches ∼ 10 53 erg (see more details and discussions in e.g. Maio et al. 2010 ). The transition from early popIII to subsequent popII-I generations is determined by a critical metallicity Z crit = 10 −4 Z (Bromm & Loeb 2003; Schneider et al. 2006 ). For gas with Z < Z crit (> Z crit ) popIII (popII-I) star formation is adopted. Popular stellar lifetimes are derived by Matteucci & Greggio (1986) and Renzini & Buzzoni (1986) . Metal diffusion in the cosmic medium is mimicked by smoothing individual metallicities over the neighbouring particles in the SPH kernel. A star formation density threshold of 1 particle per cubic cm is used, because this is the minimum value required to obtain converging and meaningful results at early epochs, both in terms of star formation rate (for a deeper analysis see e.g. Maio et al. 2009 ) and of chemical patterns (Maio & Tescari 2015) . We refer to Maio et al. (2013) for results of more extended tests on the effects of proper inclusion of cooling, metal spreading and a full parameter exploration.
Throughout this paper we adopt the following cosmological parameters:
, Ω Λ = 0.7, and n S = 1, σ 8 = 0.9 for the scalar spectral index and the current amplitude of linear matter fluctuations in spheres of 8 h −1 Mpc radius, respectively.
The interaction of the CMB with metals during reionization
We consider the metal species C, O, Si and Fe and their interaction with the CMB via a set of fine-structure transitions in both neutral and ionized states of the atoms. The two channels for this interaction considered here are the resonant scattering and the collisional emission on those transitions. Metal fine-structure transitions constitute a source of optical depth for CMB photons, which can be scattered resonantly and hence have their direction of propagation changed. The effect of this process is the blurring of the original small-scale (l > 20 − 50) CMB anisotropies and the generation of new anisotropies if the scatterers have a peculiar motion with respect to the CMB photon field. This mechanism of generation of new anisotropies will be referred to as the Doppler term. Resonant scattering does not distort the CMB black-body spectrum, since no new photons are produced.
At the same time, if metals are placed in a high-density environment, then collisions with neutral hydrogen atoms may excite them into upper levels of the fine-structure transitions considered. The subsequent de-excitation to the lower levels would result in the emission of a photon at the transition frequency.
This process of collisional emission produces new photons that do distort the CMB black-body spectrum, unlike resonant scattering.
Another process which introduces a distortion is the UV pumping of the resonant transitions. This physical process, also known as the Wouthuysen-Field effect (Wouthuysen 1952; Field 1958) , has been extensively studied when characterizing the H 21 cm fluctuations during the epoch of reionization, and also in the context of metal emission during that same epoch (Hernández-Monteagudo et al. 2007a Kusakabe & Kawasaki 2012) . The presence of a UV radiation field causes excitation in the electronic metallic levels and this process itself modifies the spin temperature of the fine-structure transition(s). Nevertheless, to properly account for this effect, one requires a precise knowledge of the spectrum of the local UV field, a problem that goes beyond the scope of this work. We foresee, however, that the amplitude of this distortion is significantly smaller than the collision-induced distortion addressed in this work.
In what follows, we describe how we address resonant scattering and collisional emission in our simulations. We remind that the interaction of CMB photons with atoms and molecules moving along a direction n can be described by the radiative transfer equation modelling the evolution of the specific intensity at frequency ν, I ν , in terms of proper distance s:
In this equation, effects of the Hubble expansion have been neglected as our simulated boxes are typically much smaller than the Hubble radius at the redshifts of interest (this approximation is commonly adopted in these cases). For the sake of simplicity, the opacityτ i j X, ν refers only to one fine-structure transition linking levels i → j of species X. The first term in the right-hand side of the equation refers to resonant scattering and is discussed in the next Sect. 3.1. The second term, j ν (n, s), refers to the emissivity that in our case is assumed to be caused by collisional emissions and will be discussed in Sect. 3.2. The optical depth, τ i j X, ν , relates to the opacity,τ i j X, ν , via the following integral over proper distance:
The relative amplitude of the intrinsic CMB intensity anisotropies is very small (∼ 10 −5 ) and this makes the blurring term consequently small, too. However, as we show next, scatterers moving with respect to the CMB rest frame can make the resonant scattering term significantly larger. Let us assume that the scatterer moves at a velocity v with respect to (wrt) the observer (in units of the speed of light). A CMB photon seen at frequency ν by an observer at rest wrt the CMB will have a frequency ν ν(1 + v · n) by the moving scatterer. Both observers will, however, see the same CMB monopole. By noting that I ν /ν 3 is a relativistic invariant, one can easily find that the term I ν (n, s) − I 0 ν (s) in Eq. 1 can be rewritten, to leading order in v · n, as I 0 ν (α − 3)v · n + δI intr ν (n, s), with α = ∂ log(I ν (n, s))/∂ log ν expressing the relative variation of the specific intensity versus the relative change in frequency, and δI intr ν (n, s) denoting the intrinsic CMB anisotropies. Therefore, to first order in v · n, we can write:
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The last term on the right-hand side is the emissivity corrected by the Doppler effect due to the scatterer's velocity. In what follows we shall neglect this Doppler corrections in the term proportional to the emissivity (i.e. the scatterer's velocity is assumed to be much smaller than the speed of light), so the equation finally reads
Hereafter, we will refer to the first term in parentheses of the right-hand side of this equation as the blurring term, since it refers to the blurring of the intrinsic CMB anisotropies. The second term, proportional to v · n, will be denoted as the Doppler term. Finally, the third term, proportional to the emissivity, is the emission term (see next section). We stress that the former two terms are purely due to resonant scattering and conserve the number of photons. The third term, instead, is responsible for the distortion of the CMB black-body spectrum, since it involves the production of new photons. After integrating Eq. 4 above, the resulting specific intensity I ν at the resonant redshift is projected onto a local observer (z = 0) by imposing that I ν /ν 3 is a relativistic invariant. We next describe the contribution from the blurring and Doppler terms, and the collisionally-induced emission term in more detail.
Resonant scattering: blurring and Doppler terms
The opacity can be written in terms of the resonant wavelength of the transition, λ, the Einstein A ji coefficient, the number density of the resonant species (n X ) and the fraction of atoms/molecules populating the considered energy level f l (e.g., Basu et al. 2004 ):
The degeneracy factors g i and g j depend on the particular transition, and the absorption frequency profile of the transition, ψ(ν), obeys to the convolution of the intrinsic absorption profile and the observational frequency profile. In most practical situations, the latter is always much broader than the former, so we shall model ψ(ν) with a square function centred upon the resonant frequency, ν i j
X < ∆ν obs (1 + z r )/2 and ψ(ν) = 0 otherwise, with ν i j x = ν obs, c (1 + z r ), ν obs, c the central observing frequency and z r the resonant redshift connecting ν obs, c and the resonant frequency ν i j X . The quantity ∆ν obs (1 + z r ) represents the effective frequency width at the resonant epoch, and is nothing but the observational (instrumental) frequency width (∆ν obs ) projected to the scattering redshift. For the emissivity j ν we will assume a similar frequency profile, given by the same instrumental frequency response.
The instrumental frequency width ∆ν obs conditions the width of the redshift shell in which a given experiment will be sampling the species interacting with the CMB photons. The width of this shell is given, in physical units, by
provided that d log ν obs = −d log (1 + z). Formally, one should integrate Eq. 4 above within this width only. In order to use the full length of the box, and unless otherwise specified, ∆ν obs is chosen such that ∆s equals the box size in physical units.
For the CII 158 µm transition, this results in an effective observational frequency width ranging from ∆ν obs ∼ 0.5 GHz up to ∼ 1.4 GHz at z = 49 and 5, respectively, and for the OI 63 µm line ∆ν obs ∈ [1.2, 3.5] GHz. For all lines, we have that ∆ν obs /ν obs ∈ [5 × 10 −3 , 1.3 × 10 −2, ], since the relative width only depends on the resonant redshift. Basu et al. (2004) first predicted the signatures of resonant scattering on metals on CMB anisotropies through its linear contribution, corresponding to the blurring term, by assuming a uniform distribution of heavy elements in the Universe. Since our simulations are able to track the level populations for several fine-structure transitions and in different cosmological environments, we can provide more realistic estimates of the average optical depth associated to them, and, consequently, we can improve the predictions on the blurring term, too. It can be easily seen from Eq. 4 that, on large scales, the contribution of the blurring term reduces approximately to ∆I From this it is straightforward to find that the modification of the power spectrum due to this blurring effect obeys to ∆C Basu et al. 2004) . While on very large scales it is possible to predict the scale and redshift dependence of the gas peculiar velocity, our hydrodynamical simulations are restricted to midly to highly nonlinear scales. We therefore rely on the output of these numerical simulations to track the spatial modulation of the projected peculiar momentum giving rise to the Doppler term.
Collisional emission
The fraction of species X populating different atomic levels ( f l ) depends on the collisional rate, which, therefore, influences the emissivity ( j ν ) of a given transition. These quantities are a priori functions of the density of metals, electrons, protons, the UV radiation field and gas temperature. The outputs of the numerical simulations introduced earlier have been used to tabulate the atomic relative populations in the different levels in terms of gas temperature, density and species abundance. This allows us to obtain, for each transition, the corresponding value of j ν (n, s) emitted into the surrounding medium (i.e. the amount of photons which distorts the CMB spectrum).
To estimate the fine-structure emissions consistently with the hydrodynamics of the simulated cosmic gas, we implement the energy rate density arising from collisions due to enriched material (within 10 − 10 9 K) in the energy equation of the simulation code. At each timestep and for each gas particle, we get gas density, temperature and chemical composition as resulting also from the previous stellar evolution and pollution history.
Atomic level populations are computed by assuming particle conservation and the detailed balance principle in the lowdensity limit (level populations treated in this way naturally converge at high densities, too) to account for excitations and deexcitations of the considered metal species. When a single transition of a species (like CII) is followed it is possible to solve for the two level occupation fractions analytically. For more com-plex species (such as OI or FeII), we need to resolve a linear system, as detailed in Maio et al. (2007) . Usually, hydrogen collisions dominate the interactions of metals with cosmic gas. However, for sake of completeness, we also consider the contribution due to possible free electrons, that could be important in the presence of recent star formation or feedback effects. The radiative losses from each transition are obtained by multiplying the upper level populations with the corresponding radiative transition probabilities and energy separations (listed in Appendix B of Maio et al. 2007) . In this way, the resulting level populations and the corresponding fine-structure emissions are consistent with the features of the local environment and its chemical composition.
The average collisional emission induced by the transitions associated to the metals introduces an average distortion of the CMB black-body spectrum. At any redshift z, this is quantified through the CMB spectral-distortion parameter, y, which is defined as the ratio of the collisionally-induced "extra" emission ∆I coll ν and the CMB black-body specific intensity B ν (T CMB [z] ) evaluated at the corresponding resonant frequency:
The numerator in this equation is simply the integral of Eq. 4 that is triggered by the emissivity j ν ,
We remark that collisional emission, unlike resonant scattering, adds photons to the CMB black-body spectrum and, thus, is the only contribution that survives after averaging over sufficiently large volumes (in which the blurring and the Doppler terms cancel at first order). For this reason, in the following, we shall use ∆I coll ν and ∆I ν indistinctly when referring to spatially-averaged specific intensity.
Results
In this section we discuss the impact that high-redshift metal lines have on the CMB. We consider the following fine-structure lines: CII 157.7 µm, SiII 34.8 µm, OI 63.18 µm, OI 145.5 µm, FeII 25.99 µm, FeII 35.35 µm and FeII 51.28 µm. These wavelengths correspond to emitted frequencies of about 1901, 8615, 4745, 2060, 11535, 8481 and 5846 GHz, respectively . For the sake of clarity, in the following these transitions will be referred to as: CII 158 µm, SiII 35 µm, OI 63 µm, OI 145 µm, FeII 26 µm, FeII 35 µm and FeII 51 µm.
Evolution throughout reionization
As structure formation and evolution proceed, the abundance of metals as they are produced by stars increases. As shown in the left panel of Fig. 1 , species like carbon, silicon, oxygen or iron increase from a level close to ∼ 10 −8 Z at z 20 up to ∼ 10 −2 Z at z 5, where solar metallicities have been computed following the solar reference number abundances of Asplund et al. (2009) . O, C, Si and alpha elements in general come from early SNe, exploding at z ∼ 20. After a few 10 8 yr from the initial star formation phases (i.e. already at redshift z ∼ 10 − 15), AGB stars contribute (mostly) with additional C, N and O. Fe can be produced by short-lived massive SNe as well as by lowmass SNIa, effective after about 1 Gyr from the onset of star formation, i.e. at z 6. With the occurrence and evolution of metals in the Universe, the resonant scattering and the emissivity terms result consequentially affected. Indeed, the optical depth of the transitions associated to these species increases accordingly to metallicities, as given in the middle panel of Fig. 1 . The legend in the panel relates each fine-structure transition to a line color and style. These apply to the right panel as well, where the y parameter for the average collisional CMB distortion induced by each line emission is displayed. Also the distortion parameter y is shown against the cosmological redshift, z. Additionally, the legends quote the scaling with z of the observing frequency for each transition. For instance, for the CII 158 µm transition, an observing frequency of 190 GHz would be required to probe the emissivity signal at z = 9, while, more generally, ν obs = 190 × 10/(1 + z) GHz is required at any arbitrary redshift z. We find that the average collisional emission induced by the transitions associated to these metals grows in amplitude with decreasing redshift and causes an increasingly larger average distortion of the CMB black-body spectrum. This is essentially a consequence of both the larger pollution level and the smaller CMB intensity at lower z (see definition of y). In the frequency range where the CMB is dominant, the OI 63 µm, OI 145 µm and CII 158 µm transitions drive most of the distortion of the CMB black-body spectrum. At shorter wavelengths, where the CMB is significantly weaker, other transitions, like FeII 26 µm and SiII 35 µm, dominate the distortions.
The collisional induced emission is concentrated in overdense regions, where the electron density is able to collisionally modify the fine-structure level populations. This is consistent with the fact that first (non-linear) star formation events and related feedback processes take place in primordial overdense regions and are effective in ionizing the local medium to a significant degree. We note that these physical features can be captured thanks to the coupling between the fine-structure emission and the hydro part of the code. They would be lost with a more naive approach based on simple post-processing estimates.
To better visualise the impact of metal fine-structure transitions, we derive from the simulated boxes maps of line emission, optical depth and doppler term at different epochs and for different lines. In particular, in the left panel of Fig. 2 we find that the CII 158 µm emission at z = 9.5 (which corresponds to ν obs = 181 GHz) can reach a level of almost ∼ 50 µK (in units of thermodynamic temperature at the corresponding resonant frequency) in the highest density cores, where the corresponding optical depth (middle panel) is ∼ 10 −5 -10 −4 . Here we are expressing the emission in units of brightness temperature fluctuations, which relate to specific intensity fluctuations via
with x = hν/(k B T CMB ) the adimensional frequency and T 0 the CMB temperature monopole at present,
. This equation assumes that deviations from the CMB black-body intensity law are small. On the other hand, because CII is widely spread in the IGM, the associated optical depth shows a much smoother distribution in space (τ CII, 145 ∈ [10 −8 ,10
−5 ] for a ∼ 50 % of space), as displayed in the middle panel of Fig. 2 . This is a consequence of metal spreading from stellar evolution due to ongoing star formation and (wind) feedback effects.
Correspondingly, the Doppler effect is not as restricted to the highest density regions as the collisional emission, but more spread to mildly overdense regions. In this case, the amplitude is significantly lower than for the emission term: as the right panel Article number, page 5 of 13 A&A proofs: manuscript no. paper_metals17 of Fig. 2 shows in linear scale and independently from the sign flip of the Doppler term (depending on the line-of-sight projected velocity), the amplitude is typically slightly below 0.5 µK.
During structure growth, more halos hosting collisional emission appear while, at the same time, more metals are spread in the IGM. Despite the higher metallicity of the medium, the growth of peculiar velocities is modest (∝ (1 + z) −1/2 ) and so is the growth of the Doppler term at later epochs. Fig. 3 is the equivalent of Fig. 2 at z = 7.5 (ν obs = 224 GHz) and shows how, while the distribution of metals and associated optical depth are significantly more disperse than at z = 9.5, the amplitude of the Doppler term has increased mostly due to the larger amount of metals in the IGM, since peculiar velocities have increased by only ∼ 10 % between z = 9.5 and z = 7.5. The emission pattern is however significantly different, not only due to the higher amount of clumps where collisions take place, but also to the higher amplitude of the signal in the core of the halos (collisions have not saturated yet at this redshift).
In Fig. 4 we show the impact of the OI 63 µm line at z = 9.5. The optical depth is only slightly larger than the CII 158 µm transition, while, as can be seen by comparing to Fig. 2 , the Doppler effect for the OI 63 µm transition is about 100 times larger (expressed in units of thermodynamic temperature). This is a combination of the 8 times lower amplitude of the (background) CMB intensity at the resonant frequency of OI 63 µm and of the ∼ 50 times difference in the factor relating intensity to temperature fluctuations in Eq. 9. The emission for the OI 63 µm case is also significantly higher, and this is caused by the higher oscillation strength of this transition. In this case, the emission may reach values as high as 10 3 µK, which corresponds for a square beam of linear size of ∼ 2.5 arcsec, to a flux close to 20 µJy, i.e. about an order of magnitude larger than the corresponding CII 158 µm transition. (Mather et al. 1994 ) set strong upper limits to the deviations from a black-body of the measured CMB spectrum, with a typical RMS deviation at the level of 0.01 %. We next compute the amplitude of the distortion on the CMB black-body spectrum introduced by the cooling lines considered in this paper. While the differential effect generated by each line at each redshift has already been shown in the right panel of Fig. 1 , in Fig. 5 we show the cumulative 9 effect of all lines considered in this work at different observing frequencies, following the color coding introduced in the right panel of Fig. 1 . The black solid line refers to the CII 158 µm transition, which lies just below the OI 145 µm line, and both are the dominant contributors for observed frequencies below 300 GHz. At ν obs ∼ 300 GHz the distortion induced by these two lines becomes larger than ∼ 10 −8 , which is about 10 3 smaller than current FIRAS upper limits (displayed in Fig. 5 by black arrows in the top of the panel).
Spectral distortions induced on the CMB

COBE/FIRAS
We do not show predictions for these two transitions at higher observing frequencies since they correspond to resonant redshifts below z min = 5, the minimum reached by the simulation. If however the behaviour of those curves is extrapolated to higher frequencies, then one finds plausible that the distortion due to the two lines would cross the amplitude found for the OI 63 µm transition (green solid line) at ν obs ∼600-800 GHz. At these frequencies the distortion of the CMB induced by OI is ∼ 10 −4 . This amplitude should fall well within the range of detectability of future missions like the Primordial Inflation Explorer (PIXIE, Kogut et al. 2016) .
The contribution from other species like silicon and iron becomes important only at high frequencies (ν obs > 800 GHz), although they increase very rapidly due to the steep fall in intensity 50 µK corresponds, at this observing frequency, to a flux of ∼ 3.4 µJy. of the CMB in the Wien tail. Above ν obs = 300 GHz the presence of local and high-z dust and the Cosmic Infrared Background (CIB) generated at z ∈ [2,5] becomes increasingly important. The challenge lies therefore in detecting the signature of these very early metals embedded in a higher background of emission generated at lower redshifts. We shall make our first attempts to address this in the following sub-sections.
The angular power spectrum induced by metals
Equation 4 shows that there are a priori three different terms contributing to the angular anisotropies generated by metals during reionization: the blurring term, the Doppler term and the emission term. The blurring of the original CMB anisotropies is relevant only on very large scales (small l-s) and is proportional to the line optical depth. In the previous section, we have seen that the Doppler term gives rise to new temperature anisotropies that are significantly smaller than those generated by the emission term. This is also reflected in the top panel of Fig. 6 , where we show the amplitude of the various contributions to the total angular power spectrum for the CII 158 µm transition at redshift z = 7.5 and z = 5.2, as extracted from the corresponding temperature maps obtained after integrating Eq. 4 in those redshift snapshots and converting intensity fluctuations into temperature fluctuations via Eq. 9. In this way, we can also build maps of temperature fluctuations for the emission and Doppler contributions separately, δT emis and δT Doppler . The total amplitude is dominated by (and indistinguishable from) the contribution of the emission term, while the Doppler term is negligible. Since we are plotting power, there exists a cross term coupling emission and the Doppler term (equal to 2 δT emis × δT Doppler ), which is displayed by the dotted lines. For the sake of comparison, we also display the intrinsic angular power spectrum of the CMB anisotropies consistent with Planck measurements (C CMB, intr l , Planck CollabArticle number, page 7 of 13 A&A proofs: manuscript no. paper_metals17 (Mather et al. 1994 ) are displayed by the black arrows in the top part of the figure, while the 1-σ sensitivity level foreseen for PIXIE (Kogut et al. 2016 ) is displayed by the black, dotted line. For a fixed resonant redshift, longer wavelength transitions (like CII 158 µm or OI 145 µm) introduce distortions at the longer wavelengths (ν obs 200 GHz) for which the impact of local dust is less important.
oration et al. 2016, given by the thick black solid line at l 10 4 in both panels in Fig. 6.) . The bottom panel of the figure reflects the contributions from all lines at given observing frequencies: black, red, green, blue and yellow colours correspond to 145, 220, 280, 300 and 450 GHz, respectively. These frequencies sample the peak of the CMB black-body spectrum and the Wien tail where the impact of metals is expected to be more relevant. The symbols joined by the solid lines refer to the combined Doppler and emission terms, while the thin solid lines provide the absolute value of the blurring term, which equals −2τ ν obs C CMB, intr l (Basu et al. 2004 ). The notation τ ν obs denotes the effective metal optical depth at a given observing frequency and constitutes the sum of all the average optical depths estimated for each transition at the corresponding resonant redshift:
At relatively low frequencies (at or below 145 GHz), the corresponding resonant redshifts are typically above z ∼ 15 for the lines we are considering, and thus their predicted impact on the angular power spectrum is small. For ν obs = 145 GHz the effect associated to metals intercept the intrinsic CMB angular power spectrum at l ∼ 10 4 , at an amplitude of
However, the signature of metals rapidly increases with frequency (as the effective resonant redshift decreases and samples the epoch of reionization). At ν obs = 220 GHz, the metal-induced signal on small scales is about 100-1000 times larger than at ν obs = 145 GHz, intercepting the intrinsic CMB angular power spectrum at l ∼ 5000 (D l ∼ 10 [µK] 2 ). The signal from metals keeps increasing with frequency, since more metals are present at lower redshifts. Our result for ν obs = 450 GHz has however an amplitude lower than at 280 and 300 GHz, due to the fact that at this frequency the resonant redshifts for the (dominant) CII 158 µm and OI 145 µm transitions fall below z min = 5, the minimum redshift reached by our simulation. While the amplitude of the metal-induced signals increases with increasing frequency, the impact of dust emission and the CIB becomes also more important and the need for component separation techniques becomes critical (as it shall be addressed in a subsequent section).
It is also interesting to note that the impact of clustering of metal polluted regions can be seen as the effective resonant redshift decreases: the pattern of the metal induced anisotropies resembles that of isolated, random regions in space at low frequencies (ν obs ∼ 145 GHz) since C l ∼ const and D l ∝ l 2 (Poissonian), while the slope of D l becomes shallower at higher frequencies, reflecting the impact of metal clustering at lower redshifts.
We should keep in mind that our approach is approximate in the sense that, while combining contributions from different lines at different redshifts, we are adding the power spectrum for each line at each resonant redshift under a different effective spectral resolution ∆ν obs /ν obs . As described at the end of Sect. 3.1, we are forcing the width of the shell ∆s to be the simulated box size. According to Eq. 6 this corresponds to a redshift dependent spectral resolution. The value of ∆ν obs /ν obs changes however by a factor 3 in the entire redshift range under consideration. This, as we discuss below, has a modest impact on the amplitude of C l .
The blurring term can be computed as in Basu et al. (2004) and, for sake of clarity, it is shown only in the bottom panel of Fig. 6 . It is worth noting that the low values of the optical depth associated to the transitions make the detection of the blurring term challenging, particularly if one takes into account aspects related to inter-channel calibration and beam characterization uncertainties, as done in e.g. Hernández-Monteagudo et al. (2006) . On the positive side, as noted in that work, given an intrinsic CMB anisotropy field, the pattern of the blurring term can be predicted and this should enable signal extraction approaches of a matched-filter type.
The context provided by current predictions and observations
The top panel of Fig. 7 compares our predictions for the metalinduced signals with state-of-the-art measurements from the Atacama Cosmology Telescope (ACT, Das et al. 2014) and South Pole Telescope (SPT, George et al. 2015) collaborations. Current measurements of CMB intensity anisotropies at 145 GHz are between 3 and 4 orders of magnitude above our predictions, but only a factor of 10-50 higher at ν obs 220 GHz. The signal at this latter frequency and on small angular scales is known to be dominated by dust emission in local and high-z galaxies (which conform the CIB). As already noted by Pallottini et al. (2015) , the detection of the CII 158 µm signal is challenging. When comparing their predictions for the angular power spectrum associated to this line at z 6 with ours, we find that our estimates fall a factor ∼ 100 higher in D l amplitude (which corresponds to a factor of ∼ 10 higher in emission amplitude) for ∆ν obs /ν obs ∼ 5 × 10 −3 . At the same time, the amplitude of the D l blurring term in Pallottini et al. (2015) , for the same redshift, is a factor ∼ 100 higher than our estimate. Assuming that the abundance of carbon is similar in both sets of simulations, this points to a different level of efficiency at collisional excitations, thus reflecting the many uncertainties in the modelling of small-scale physics (cooling, metal spreading and mixing, stellar yields, mass and energetics assumed for early SNe, feedback prescriptions, numerical resolution, etc.).
Since different metals probe similar regions in the IGM as they spread through it, the signal generated by different transitions is expected to be spatially correlated. In the bottom panel of Fig. 7 we compute the correlation coefficient between the total temperature anisotropy maps generated by two different transitions. The correlation coefficient is defined as
where the superscripts X and Y refer to two different transitions. Our simulations suggest that the correlation at z = 9.5 between the CII 158 µm and the OI 63 µm line pairs (or the CII 158 µm and OI 145 µm pairs) is high, with cross correlation coefficients .5 (blue color) for observations with ∆ν obs /ν obs 5 × 10 −3 . We consider separately the contribution from the emission term (solid lines), the Doppler term (dashed lines) and the cross term (dotted lines). The total contribution is practically given by the emission term. In both panels of the figure the intrinsic CMB angular power spectrum consistent with Planck observations is given by the black, thick solid line. Bottom panel: Cumulative contribution of the collisional emission and Doppler terms from all considered transitions to the angular power spectrum of CMB anisotropies at different observing frequencies. Each observing frequency corresponds to a different color and symbol type (filled black circles for 145 GHz, filled red squares for 220 GHz, yellow asterisks for 450 GHz, green empty diamonds for 280 GHz and blue empty triangles for 300 GHz). The thin, coloured solid lines in the bottom left corner of this panel correspond to the (small) contribution of the blurring term at large angular scales (as computed in Basu et al. 2004) . Note that the prediction for ν obs = 450 GHz misses the contribution from the CII 158 µm and OI 145 µm transitions since those would be observed at redshifts lower than the minimum output redshift of the simulations.
Article number, page 9 of 13 typically above 0.85. The details of the spatial distribution of different metal species on small scales around halos may differ, but on larger scales they prove quite similar. This opens the possibility of combining observations at different frequencies to extract the weak signal generated by metals: when targeting a given redshift z t during reionization, one could combine observations at different frequencies ν obs, 1 and ν obs, 2 , such that ν obs, 1 /ν obs, 2 = ν X /ν Y and ν obs, 1 = ν X (1 + z t ), with ν X , ν Y the (rest) resonant frequencies of the transitions under study. This would alleviate the impact of noise and systematics that do not correlate when using different frequency channels.
Impact of spectral resolution
Another interesting characteristic of these signals is their particular dependence on the spectral resolution of the observations. As first noted by Righi et al. (2008) , when reducing the width of the redshift shell giving rise to the signal we are sensitive to more radial small scale (high-k) modes of the anisotropy power spectrum, thus increasing the amplitude of the clustered part of the signal. At the same time, by narrowing the effective redshift window we are also sampling a smaller cosmological volume, and this increases the shot noise contribution to the total measured anisotropy. In the top panel of Fig. 8 , we show the angular power spectra for different spectral resolution configurations: for narrower ones the spectrum is merely Poissonian (D l ∝ l 2 ), since it is dominated by the shot noise contribution, and it increases with decreasing width shell. On the contrary, for wider shell configurations, the shot noise contribution becomes less important and hints to the clustered contribution on the largest angular scales in the form of a shallower l-slope for D l .
Since the anisotropy generated in narrow redshift shells is dominated by the shot noise component, the signal from different (but nearby) radial shells should be largely uncorrelated. In the bottom panel of Fig. 8 we show the cross-correlation coefficient between shell pairs whose members lie at comoving distances of ∆r = 0.4, 5.6, and 9.6 h −1 Mpc. The width of the shells corresponds to ∆ν obs /ν obs = 0.2 × 10 −3 . Where positive, lines are solid, and dotted otherwise. Regardless of the inter-shell distance ∆r, the cross correlation coefficient oscillates around zero with a scaling close to ∝ 1/ √ N k , where N k is the number of 2-D Fourier modes falling within a given radial-k bin. This analysis indicates that the emission in neighbouring redshift shells is uncorrelated and independent from ∆r. This characteristic allows us to remove contamination from foregrounds with a smooth frequency dependence.
Discussion and conclusions
Using the hydrodynamical simulations of Maio et al. (2010 Maio et al. ( , 2011a , we have estimated the impact of some fine-structure cooling lines (CII 158 µm, SiII 35 µm, OI 63 µm, OI 145 µm, FeII 26 µm, FeII 36 µm and FeII 51 µm) on the CMB. We find that the OI 145 µm and CII 158 µm lines play a dominant role in the distortions introduced in the CMB black-body spectrum at low frequencies (ν < 400 GHz), whereas OI 63 µm becomes dominant at higher frequencies (ν ∈ [400, 1200] GHz). In redshift space, the dominant sources of spectral distortions are the OI lines at high redshift (z > 15), and the FeII 26, FeII 35 µm and SiII 35 µm transitions at lower redshifts, mostly due to the fact that they show up at very high frequencies (ν > 1000 GHz), where the CMB intensity has dropped considerably in the Wien region. The amplitude of the distortion induced in the CMB black-body spectrum amounts up to y = ∆I ν /B ν (T 0 ) ∼ 10 −8 -10 −6 for ν < 400 GHz, and even higher amplitudes (∼ 10 −4 ) at ν 750 GHz, still below the upper limits found by FIRAS, but well within the detectability range of PIXIE.
We find that our predictions for CII 158 µm tend to be higher than some previous estimates (Pallottini et al. 2015; Silva et al. 2015) . More specifically, our angular power spectrum amplitude is about a factor of 100 above predictions from Pallottini et al. (2015) , requiring the amount of collisionally excited CII in that work to be about a factor of 10 lower than in our simulation. This difference may be partially explained by the consistent inclusion of fine-structure cooling in our modelling and consequent more efficient star formation and metal spreading. This interpretation is also consistent with their estimate for the blurring term/optical depth τ CII, 158 µm being a factor ∼ 100 higher than in our computations, if we assume that in both works the z = 6 carbon abundance is similar. However, as we could not estimate their CII metallicity at any redshift, the CII abundance in their work might be very different from ours.
On the other hand, the work of Silva et al. (2015) allows for a more straightforward comparison of the spectral distortion induced by the CII 158 µm transition. Their Fig. 3 shows a scatter in the redshift dependence of the average CII 158 µm specific intensity (I 0 ν (z)) of about an order of magnitude among the different models those authors have considered. Our simulation output is typically a factor of 2-3 above their highest amplitude model in the redshift range z ∈ [5, 8.5].
When comparing our clustering amplitude with the predictions from Righi et al. (2008) we need to re-scale for the different choices of ∆ν obs /ν obs . In their Fig. 10 the amplitude of the CII 158 µm clustering angular power spectrum D l at l 4000 is roughly 0.3 (µK) 2 , and when scaling the spectral resolution from their case (∆ν obs /ν obs = 0.33) to ours (∆ν obs /ν obs = 5 × 10 −3 ) one should multiply by a factor of ∼ 62 (see their Fig. 7 ). At l = 4000 their scaled clustering D l amplitude should be close to 20 (µK) 2 at ν obs = 353 GHz. This frequency corresponds to a resonant redshift of z = 4.4, yet, our total amplitude at z = 5.2 at l = 4000 is close to 4 (µK) 2 , and is mostly dominated by the clustering term (rather than shot noise) on these scales. Assuming a linear scaling with redshift from z = 7.5 down to z = 4.4, our projected D l amplitude at l = 4000 and z = 4.4 should be three times larger, i.e. about 13 (µK) 2 . This is about twice lower than the scaled estimates from Righi et al. (2008) .
The model of Righi et al. (2008) uses a Kennicutt-type relation between the line bolometric luminosity and the star formation rate that is calibrated locally. This approach is also adopted by Silva et al. (2015) and partially by Pallottini et al. (2015) , who additionally scale the CII 158 µm luminosity as a function of the halo metallicity in post-processing. While the fully analytical approach of Righi et al. (2008) provides the highest CII 158 µm anisotropy estimate, the 'hybrid ' Pallottini et al. (2015) and Silva et al. (2015) predictions, mixing numerical simulations and postprocessing scaling laws for emission line luminosities, provide lower estimates. Our predictions based exclusively on numerical simulations (including consistently cooling from the considered fine-structure lines) lie within an intermediate range. By tracking all the occupation levels of the transitions under analysis, we predict amplitudes for the angular power spectra of the blurring term to lie in the range 10 −6 -10 −2 µK. Thus, their detection will require very demanding levels of cross-channel intercalibration and foreground removal.
However, even results from full numerical simulations suffer from uncertainties. In our modelling, stellar lifetimes dictate the temporal evolution of cosmic metal spreading and the occurArticle number, page 10 of 13 rence of the heavy elements. Dependencies of stellar lifetimes on metallicity are not very strong and are quite well known. Variations could arise, though, from different prescriptions for lowmass star evolution, binary systems and resulting SNIa rates, which are nevertheless expected to have a minor impact on our results. Stellar yields might play a role in the amount of metals expelled. High-redshift metal enrichment is led mostly by oxygen and carbon, whose yields are safely constrained and uncertainties should not affect gas cooling and enrichment. Modelling of the early stellar populations is rather uncertain due our large ignorance on the mass scales of primordial stars (i.e. their IMF). We have modelled metal spreading by smoothing metallicities over neighbouring particles in order to mimic diffusion of heavy elements. This is a simple approximation that accounts for such process, however it could lack the necessary details at very small scales. In general, this is a very complex issue and, despite some attempts, a fully satisfying treatment is still missing.
Cosmic gas collapse, structure growth and subsequent metal enrichment are also affected by the background cosmological model. Here we perform all the calculations in a standard ΛCDM model with a Gaussian input power spectrum, although effects on baryon and metal history of different scenarios, at z > 5, are possible. We checked that including e.g. early dark energy (Maio et al. 2006) , non-Gaussianities (Maio & Iannuzzi 2011; Maio & Khochfar 2012) , warm dark matter (Maio & Viel 2015) , as well as primordial gaseous flows (Maio et al. 2011b ) reflects in changes in the star formation at very early times and only for the collapse of the earliest gas clouds. The late-time evolution of gas and heavy elements in the different models tend to converge already within the first Gyr. A full detailed radiative transfer of the individual lines presented above has not been adopted, because we find that (see e.g. Petkova & Maio 2012; Maio et al. 2016) , with the exception of extreme cases, thermodynamical trends, and hence the resulting level populations, are not significantly altered.
The collisional emission on carbon and oxygen atoms studied here has so far neglected the contribution from the UV pumping Field-Wouthuysen effect presented in Hernández-Monteagudo et al. (2007a) and Hernández-Monteagudo et al. (2008) ; Kusakabe & Kawasaki (2012) . This would require a careful evaluation of the UV flux and spectrum around luminous sources. This effect would add on top of the collision-induced distortions computed in this work and would still be associated to specific fine-structure transitions of oxygen and carbon.
As proven in the bottom panel of Fig. 8 , line-induced signals are largely uncorrelated in neighbouring frequency channels. This constitutes a distinct feature that, in H 21 cm science, is expected to allow the removal of smoothly frequency varying foregrounds of amplitude much higher than that of the signal of interest (see, e.g., Santos et al. 2005; Chapman et al. 2012) . While in principle this approach could work also in this context, the confusion arises with the presence of other lines of longer wavelengths coming from redshifts lower than the target line. In this sense, fine-structure lines associated to nitrogen 10 not considered here (like NII 121 µm or NII 205 µm) would still be probing a redshift range similar to that of the CII 158 µm and the OI 145 µm lines that are shown to contribute at ν < 300 GHz. (see Fig. 5 ). Indeed, the contribution from different lines may be unveiled via cross-correlations of multi-frequency observations probing different species at the same redshift, provided a large degree of spatial correlation of the species (as shown in the bottom panel of Fig. 7) . The amplitude of distortions induced by these lines is steadily growing with frequency as lines probe more recent epochs of the reionization era. This constitutes a very different frequency pattern than the one expected from Comptonization of the CMB spectrum by hot electrons in halos and the IGM during and after reionization (i.e., the ytype distortion induced by the thermal Sunyaev-Zeldovich effect, Sunyaev & Zeldovich 1972) .
Component separation algorithms will thus play a crucial role in the interpretation of multiple, subtle signals distorting the CMB black-body spectrum at different cosmological epochs. The frequency dependence of some of those signals can be well established theoretically (i.e., the y-type distortion induced by the Compton scattering of CMB photons off hot electrons, or the µ-type of distortion that may be introduced at very early cosmological times, although there is a wealth of "intermediate" cases, see Chluba & Sunyaev 2012; Sunyaev & Khatri 2013; Chluba 2016b , for reviews). For other signals associated to atoms and molecules, the frequency dependence is determined by their actual redshift distribution. In this complex landscape, accessing and isolating signals generated during the epoch of reionization requires profiting from the knowledge of their angular and spectral patterns and of their correlation properties in those two domains (angle and frequency). In this context, existing and upcoming experiments of different nature and purpose (like FI-RAS, Planck, ACT, SPT, ALMA, PIXIE, or COrE) may nicely complement each other.
